The exploding popularity of mobile phones and their close proximity to the brain when in use has raised public concern regarding possible adverse effects from exposure to radiofrequency electromagnetic fields (RF-EMF) on the central nervous system. Numerous studies have suggested that RF-EMF emitted by mobile phones can influence neuronal functions in the brain. Currently, there is still very limited information on what biological mechanisms influence neuronal cells of the brain. In the present study, we explored whether autophagy is triggered in the hippocampus or brain stem after RF-EMF exposure. C57BL/6 mice were exposed to 835 MHz RF-EMF with specific absorption rates (SAR) of 4.0 W/kg for 12 weeks; afterward, the hippocampus and brain stem of mice were dissected and analyzed. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis demonstrated that several autophagic genes, which play key roles in autophagy regulation, were significantly upregulated only in the hippocampus and not in the brain stem. Expression levels of LC3B-II protein and p62, crucial autophagic regulatory proteins, were significantly changed only in the hippocampus. In parallel, transmission electron microscopy (TEM) revealed an increase in the number of autophagosomes and autolysosomes in the hippocampal neurons of RF-EMF-exposed mice. The present study revealed that autophagy was induced in the hippocampus, not in the brain stem, in 835 MHz RF-EMF with an SAR of 4.0 W/kg for 12 weeks. These results could suggest that among the various adaptation processes to the RF-EMF exposure environment, autophagic degradation is one possible mechanism in specific brain regions.
Introduction
With the widespread use of wireless communications, the frequency and time usage of mobile phones in modern life have produced public concern about potential adverse health effects of electromagnetic field (EMF) exposure. Since mobile phones are used in close proximity to the head, the human brain is then exposed to relatively high specific absorption rates (SAR) when compared to other organs (Beard et al., 2006) . Several studies have reported the effects of radiofrequency (RF)-EMF emitted by mobile phones leading to the alteration of neurotransmitters, behavioral change, increased albumin leak though the blood-brain barrier, neuronal damage in brain tissue (Dubreuil et al., 2002; Mausset-Bonnefont et al., 2004; Salford et al., 2003; Tang et al., 2015) , and various cognitive disorders (Hao et al., 2013; Roosli, 2008) . Conversely, certain types of EMF are beneficially used in clinical systems for human health (Consales et al., 2012; Martiny et al., 2010) .
In vitro responses to RF-EMF exposure have been observed in some studies, in which the apoptotic pathway was induced in human astrocytes and peripheral blood mononuclear cells after 2-to 3-h exposure to 900 or 1950 MHz RF-EMF (Liu et al., 2012; Lu et al., 2012) . The extracellular signal-regulated kinase pathway was then induced by the activation of the mitogen-activated protein kinase (MAPK) pathway in human neuroblastoma cells following 900 MHz RF-EMF exposure for 5-30 min (Buttiglione et al., 2007) . Reviewed genotoxic effects showed induction of DNA damage in various human cells after 900-1800 MHz RF-EMF exposure (Gherardini et al., 2014) . Additionally, a recent investigation indicated that autophagic pathway was induced in human neuroblastoma cells exposed for 1 h at low frequency (LF) EMF (Marchesi et al., 2014) and induction in similar cells of mice after exposure to 835 MHz RF-EMF for 4-12 weeks was also reported (Kim et al., 2016) . Autophagy, a conserved mechanism of cellular lysosomal degradation, is commonly activated in response to various cellular stressors, such as damaged organelles, unusual protein aggregates, nutrient starvation, and pathogens (Mizushima et al., 2008; Tooze and Yoshimori, 2010) . Autophagy plays an important role in maintaining cellular homeostasis and protecting cells from various environmental stresses (Cuervo, 2004; Meijer and Codogno, 2004; Shintani and Klionsky, 2004) . Dysfunction of autophagy has been implicated in a variety of neurodegenerative disorders (Chen et al., 2012; Nassif et al., 2014; Nixon, 2013; Salminen et al., 2013; Winslow et al., 2010) .
The hippocampus, a curved paired structure located in the temporal lobes near the amygdala, is mainly involved in new memories and spatial navigation and is also associated with learning and emotions (Deng et al., 2010; Eichenbaum, 1999; Eichenbaum and Cohen, 2014; Konkel and Cohen, 2009 ). Importantly, altered functional connectivity of the hippocampus is heavily affected in early Alzheimer's disease (Wang et al., 2006) . Shrinkage of the hippocampus has been implicated in severe mental illnesses like schizophrenia and deep depression (Campbell et al., 2004; Videbech and Ravnkilde, 2004) . The brain stem is the posterior region of the brain, which connects the cerebrum with the spinal cord (Blakemore and Jennett, 2001) . It consists of the midbrain, medulla oblongata, and the pons. The brain stem is a crucial component of the brain, as nerve connections of the motor and sensory systems from the brain to the body travel through it. The brain stem plays a pivotal role in the regulation of cardiac and respiratory functions including breathing, blood pressure, heart rate, sleeping, and eating (Althaus et al., 2004; Blakemore and Jennett, 2001) . Studies have shown that dysfunction of the brain stem is strongly related to autism spectrum disorder of children and various cognitive disorders including dysphagia, sleeping difficulties, and hearing and balance problems (Fenik, 2015; Kwon et al., 2007; Weidenheim et al., 2001) .
EMF exposure might induce various neurological changes, but there is very limited information on what biological mechanisms influence neuronal cells of the brain in response to RF-EMF. In this study, we hypothesized that both the hippocampus and brain stem might adapt to RF-EMF exposure environment by generation of autophagosomes in their neurons. To elucidate whether autophagy is triggered in the hippocampus or brain stem, we applied 835 MHz RF-EMF of 4.0 W/kg for 5 h daily for 12 weeks. We then analyzed the expressional level of selected autophagy-related gene using quantitative real-time polymerase chain reaction (qRT-PCR) from transcripts of the hippocampus and brain stem following RF exposure. Subsequently, the changes of protein expression were also evaluated by Western blotting. To obtain further evidence for activation of autophagic pathway, a fine structure of neurons was observed by transmission electron microscopy (TEM) to ascertain if autophagosomes had accumulated in the hippocampus and brain stem after the chronic exposure to 835 MHz RF-EMF.
Material and methods Animals
Six-week-old male C57BL/6 mice, weighing 25-30 g, were purchased from Daehan Bio Link (DBL, Chungbuk, South Korea). The mice were maintained under specifically controlled conditions (ambient temperature 23 + 2 C, 12-h light/dark cycle). Food pellets (DBL) and water were supplied ad libitum. All mice had a 7-day adaptation period followed by the guidelines of the US Department of Agriculture for the period of the animal acclimation and stabilization. After a 7-day adaptation period, the mice were assigned to sham exposure or RF exposure for 12 weeks. All procedures complied with National Institutes of Health guidelines of the NIH for animal research and were approved by Dankook University Institutional Animal Care and Use Committee (IACUC; DKU-15-001), which adheres to the guidelines issued by the Institution of Laboratory of Animal Resources.
Experimental exposure to RF-EMF
Mice were exposed to 835 MHz RF-EMF using a Wave Exposer V20 (Wave Telecome, St Peter Port, Guernsey) as described in detail (Kim et al., 2016; Maskey et al., 2010) . Our research group had tested and described the dosimetry for our RF-EMF generator previously, but we further describe this here in detail. Firstly, we confirmed that the RF-EMF generator created a 835.367 MHz signal using a spectrum analyzer (NS-30A; LIG Nex, Gyeonggi-do, South Korea). Subsequently, whole body-average SAR value was estimated to be 4.0 W/kg, by 0.0001 C resolution temperature sensor, measuring temperature changes in the saline of a mouse phantom exposed to 835 MHz of continuous wave (CW). The SAR value in the central position of the mouse phantom was also acquired by numerical analysis by Ansys HFSS 13 (ANSYS, Inc. Canonsurg, PA, USA). Further analysis of SAR was evaluated by measuring the E-field at the phantom position in the air by considering the ratio of E-field in the liquid to E-field in the air at the same position in the same environment. Following calculation of SAR, the value was found to be 4.14 W/kg, close to the SAR output power setting of the horn antenna of the exposure apparatus at 4.0 W/kg. As a result, our measurement of RF signal and SAR value generated from our RF-EMF generator produced 835 MHz RF-EMF with 4.0 W/kg SAR. Whole body exposure was at an SAR value of 4.0 W/kg for 5 h per day, between 9:30 and 14:30 during the weekday for 12 weeks for randomly allocated mice. The other mice received a sham treatment for 12 weeks. The sham-treated control groups were kept under the same environmental conditions and treated with the same circular pattern as the RF-exposed groups but without RF-EMF exposure. To remove the cage effects in this study, the sham group was housed in the same kind of cage as the RF-EMF-exposed mice during the experiment. The cage inside RF-EMF generator was 43 cm long Â 37 cm wide Â 18 cm high. RF-EMF exposure was a top horn antenna to the lower mouse cage. The bottom and wall of the cage were covered by ceramic wave absorption material. The RF exposure apparatus was equipped with an automatic light system, air conditioning, and water dispenser. The mice were not restricted in movement in the cage during exposure. All the experiments were completed in our animal facility, which was maintained at a constant temperature. To rule out the possibility of thermal effects on mice from our RF-EMF generator, we measured animal body temperature before and after RF-EMF exposure (Kim et al., 2017) . The resultant data showed that mice body temperature did not significantly change after 5-h RF-EMF exposure compared to shamexposed mice, and the average temperature range within each group was between 36.5 C and 37 C (Kim et al., 2017) . Basically, mouse normal body temperature is 36.5-38 C. These results, together with previous data, indicated that exposure of RF-EMF to free moving mice did not affect mouse body temperature during 5-h exposure to 835 MHz RF-EMF at 4.0 W/kg SAR emitted from our RF-EMF generator. To confirm uniformity and avoid time-bias for the animal samples, we generated independent RF-EMF-exposed mice samples, at three different periods, under the same conditions (December 2014 -March 2015 , April 2015 -July 2015 , October 2015 -January 2016 .
RNA extraction and qRT-PCR
Total RNA was purified from the hippocampus and brain stem of mice in both groups using TRIzol reagent (Thermo Fisher Scientific, Carlsbad, CA, USA). RNA was reverse-transcribed to complementary DNA (cDNA) using moloney murine leukemia virus (MMLV) reverse transcriptase (Bioneer, Daejeon, South Korea) and an oligo-d(T)18 primer. Mouse cDNA samples from three separate bathes (n ¼ 5 independent samples in total) were analyzed for RT-PCR independently. qRT-PCR and semi-qRT-PCR (sqRT-PCR) were performed using a Rotor-gene SYBR Green supermix Kit (QIAgen, Hilden, Germany), and fluorescence was measured using a Rotor-gene PCR Cycler (QIAgen). The expressional levels of the genes were normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH primer was purchased from QIAgen. The primers used for qRT-PCR (Table 1) and sqRT-PCR were synthesized from Bioneer or Cosmogenetech (Seoul, South Korea). qPCR and sqPCR were performed, and each PCR was done in triplicate. The relative levels of specific messenger RNA (mRNA) were calculated by normalizing the expression of GAPDH by the 2 ÀÁÁCt method (n ¼ 5). Also, the expression values of the RF-exposed mice were normalized to those of the sham-exposed mice. The sqRT-PCRs were carried out using PCR PreMix (Bioneer). Subsequently, the sqPCR product of each gene was separated by 1.5% agarose gel electrophoresis and signal intensity of each PCR product was visualized using DNA stained with Syto 60 (Li-Cor, Lincoln, NE, USA) in an Odyssey infrared imaging system (Li-Cor).
Western blotting
The hippocampus and brain stem were quickly dissected from mouse brain following sham exposure or RF exposure. For Western blotting, the brains were pooled from two to three animals to achieve sufficient tissue. Thereafter, three independent pooled protein samples were analyzed by immunoblotting, in triplicate. The tissue was lysed with RIPA buffer (ATTO, Tokyo, Japan) and supplemented with protease and phosphate inhibitor cocktail (ATTO). Whole lysates were then homogenized in ice-cold buffer and sonicated briefly. Protein concentrations were measured using a Bio-Rad DC™ protein assay (Bio-Rad, Hercules, CA, USA). Total proteins (20 mg) were then separated by 10-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred with transfer buffer to a polyvinylidene difluoride transfer membrane (ATTO). LC3B, Beclin 1, p62, and -tubulin were detected in the membranes using anti-LC3B antibody (Cell Signaling Technology, Beverly, MA, USA; #2775S, dilution 1:500), anti-Beclin 1 antibody (Cell Signaling Technology; #3738S, dilution 1:500), anti-p62 antibody (Sigma-Aldrich, St. Louis, MO, USA, #P0067, dilution 1:500), and anti--tubulin antibody (Santa Cruz, Dallas, TX, USA; #SC-23948, dilution 1:3000).
Protein bands were visualized using a C-DiGit Chemiluminescence Western Blot Scanner (Li-Cor). The intensity of each band was quantified and normalized by -tubulin as an internal control. Alterations in the expression level of autophagy-related proteins were further analyzed with two-dimensional gel electrophoresis through the use of the PROTEAN i12 IEF System (Bio-Rad).
Transmission electron microscopy
Dissected hippocampus and brain stem tissue were then fixed immediately in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at 4 C. Following three washes in phosphate buffer, the brain tissues were postfixed with 1% osmium tetroxide on ice for 2 h and washed three times, all in phosphate buffer. The tissues were then embedded in Epon 812 after dehydration in ethanol and propylene oxide series. Polymerization was conducted with pure resin at 70 C for 24 h. Ultrathin sections (approximately 70 nm) were obtained with a model MT-X ultramicrotome (RMC, Tucson, AZ, USA) and then collected on 100-mesh copper grids. After staining with 2% uranyl acetate (15 min) and lead citrate (5 min), the sections were visualized by TEM using a Tecnai G 2 Spirit Twin device (FEI, Hillsboro, OR, USA) at an operating voltage of 120 kV. 
Statistical analysis
All data are presented as the mean + SEM. The n values represent the number of independent samples from animals used in experiments. The significance for all pairwise comparisons of interest was assessed by two-tailed Student's t-test with probability values of p < 0.05 considered significant.
Results
Autophagy genes are significantly increased in hippocampus, not in brain stem of mouse brain
Beclin 1, Beclin 2, Atg9A, Atg4A, Atg4B, Atg5, LC3A, and LC3B are crucial for autophagy regulation or autophagosome formation in the presence of environmental stress (He et al., 2013; Kang et al., 2011; Klionsky et al., 2016; Pua et al., 2007; Tanida et al., 2004; Yang et al., 2008) . Firstly, we quantified the change of the expressional level of autophagy genes in the hippocampus and brain stem in response to long-term RF exposure by qRT-PCR and sqRT-PCR. qRT-PCR indicated that the expression of most of these autophagy genes in the hippocampus of mice exposed to RF-EMF for 12 weeks was significantly increased, except for Atg4A and Atg5, which were not altered ( Figure 1 and Table 2 ). The expression level of Atg9A, Atg4B, and LC3B transcripts was upregulated by about 1.5 times (Figure 1(b) , (f) and (h); Table 2 ). The level of Beclin 1/2 and LC3A mRNA was increased by approximately 2.5 times (Figure 1(c) , (d), and (g); Table 2 ). However, the examination of the brain stem revealed significantly changed expression of Atg4A and LC3A, with most of the other autophagy genes displaying only a modest change in expression level in response to chronic RF-EMF exposure ( Figure 2 and Table 2 ). sqRT-PCR was carried out to validate the observed expression changes. The sqPCR results revealed a similar pattern as qRT-PCR of most of the examined autophagy genes in both the hippocampus and brain stem of mice following the 12-week RF exposure (Figures 1(i) and 2(i)). These results strongly suggest that long-term exposure of 835 MHz RF-EMF with 4.0 W/kg SAR for 12 weeks could lead to the activation of the autophagy pathway in the hippocampus, but not in the brain stem.
LC3B-II expression is augmented and p62 is significantly downregulated in the hippocampus
In order to validate the RT-PCR results, we determined the expressional level of the autophagy proteins LC3B-II, Beclin 1, and p62 (sequestosome 1/SQSTM1) by Western blot of hippocampus and brain stem tissues acquired following the 12-week exposures. Anti-LC3B antibody (Cell Signaling Technology) can detect both mouse LC3B-I (16 kDa) and LC3B-II (14 kDa) proteins. However, the detection of the latter required maximum loading of whole lysates prepared from hippocampus and brain stem. Expression of LC3B-II protein was significantly higher in the hippocampus of RF-exposed mice, but expression of Beclin 1 (60 kDa) in treated mice was only slightly higher than that of sham control mice (Figure 3(a) ). However, in the brain stem, the expression of LC3B-II and Beclin 1 proteins were barely changed (Figure 3(b) ). In addition, the level of p62 (62 kDa) expression was significantly decreased in the hippocampus of RF-EMF-exposed mice brain but not in brain stem (Figure 3 ).
Increase in autophagy vacuoles in hippocampal neurons
The observation of the increased expression of autophagy genes and LC3B-II protein and the reduced level of p62 protein in the hippocampus, upon chronic RF-EMF exposure, prompted further examination for autophagic structures in hippocampal or brain stem neurons. TEM revealed autophagosomes in hippocampus and brain stem neurons. As expected, a greater number of autophagic vacuoles accumulated in the hippocampal neurons in mice exposed to RF-EMF when compared to sham control (Figure 4) . Still, fewer autophagosomes were evident in brain stem neurons, even following the chronic exposure to RF-EMF (Figure 4) . Furthermore, many autophagic structures including phagophores and autolysosomes were apparent in hippocampal neurons and were increased in number after 12 weeks of RF-EMF exposure. To further confirm the formation of the autophagic structures in hippocampus and brain stem, as well as to determine the number of the autophagosomes and autolysosomes in the unit area (100 mm 2 ) in hippocampus and brain stem after RF-EMF exposure, TEM images of hippocampal and brain stem neurons (magnifications Â10,000) were randomly chosen in each condition of brain tissues. We then counted the number of autophagosomes as well as autolysosomes (the arbitrary number/unit area (100 mm 2 )). The results indicated that the number of autophagic structures in hippocampal neurons was significantly increased in the RF-EMF-exposed mice (autophagosomes: 11.13 + 2.187, autolysosomes: 14.05 + 1.362) compared to the control mice (autophagosomes: 4.569 + 1.747, autolysosomes: 4.065 + 1.715; Figure 4 (Bb)). However, the number of autophagosomes and autolysosomes in the neurons of brain stem did not show significant differences between the control and RM-EMF-exposed groups ( Figure 5(Ba) ), but the tendency of autophagy showed a slightly increasing ÀÁÁCt method (n ¼ 5). Each bar represents the mean + SEM of five independent biological samples. Statistical significance was evaluated using a t-test: *p < 0.05, **p < 0.01, ***p < 0.001. RF-EMF: radiofrequency electromagnetic field; qRT-PCR: quantitative real-time polymerase chain reaction; sqRT-PCR: semi-qRT-PCR; mRNA: messenger RNA; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
pattern. Images from hippocampal neurons of chronically RF-EMF-exposed mice revealed the sequential processes of autophagosome and autolysosome formation. Extended double membranes of the phagophores then became mature autophagosomes that engulfed intracellular organelles including mitochondria. These autophagosomes fused with lysosomes to generate autolysosomes ( Figure 5 ). These results strongly support the view that exposure of mice to 835 MHz RF-EMF with 4.0 W/kg SAR, for 12 weeks, induces the formation of autophagosomes and autolysosomes in hippocampal neurons. Overall, these results strongly suggest that in the hippocampus of mice exposed to RF-EMF, the autophagy pathway was highly activated and confirmed an increase in autophagic flux in the hippocampus of mice exposed to RF-EMF.
Discussion
The explosive popularity of mobile phone communication has raised concern about the potential adverse effects of RF-EMF on human health. Specific concerns are related to the central nervous system, given the close proximity of a mobile phone usage and the brain. RF-EMF exposure might influence brain activity by neuronal damage, alter release of neurotransmitters, and cause behavioral change and cognitive impairments (Abdel-Rassoul et al., 2007; Dubreuil et al., 2002; Salford et al., 2003) .
Several in vitro studies reported that RF exposure was involved in intracellular pathways including the apoptosis, extracellular signal-regulated kinase pathway, and DNA damage response (Buttiglione et al., 2007; Gherardini et al., 2014; Liu et al., 2012; Lu et al., 2012) . In addition, 900 MHz RF-EMF exposure was reported to upregulate the caspase-3-dependent apoptotic pathway in the rat cerebellum (Kokturk et al., 2013) . The same stressor in a cell could induce a response by two different mechanisms: apoptosis or autophagy. This depends on different sensitivity thresholds that trigger apoptosis or autophagy. Cross talk-mediated regulation of specific proteins like Bcl2, caspases, and Beclin 1 is also pertinent (Marino et al., 2014) . Extensive autophagic degradation can also lead to cell death (Maiuri et al., 2007) . Importantly, extreme LF-EMF can induce autophagy in human neuroblastoma cells through increased expression of Beclin 1, Atg7, and LC3-II with the dynamic formation of autophagic vesicles (Marchesi et al., 2014) .
We have demonstrated that 835 MHz RF-EMF exposure for 12 weeks may activate autophagy in the hippocampus of mice, but not in the brain stem. It is important to recognize the beneficial effects of RF-EMF stimulation to the central nervous system. If exposure to RF-EMF can activate autophagy, this is an important homeostatic mechanism in neurons (Kim et al., 2016) . The changes of gene expression were tested through gene expression profile analysis by RT-PCR (Figures 1 and 2) . qPCR analysis revealed significant augmentations in the transcriptional level of Atg4B, Beclin 1/2, Atg9A, and LC3A/B in hippocampus of RF-exposed mice (Figure 1 and Table 2 ), which is indicative of an induction of autophagic activity. However, we found no significant effect on gene expressions of Atg4A or Atg5 in the hippocampus (Figure 1(a) and (e) ). The expression levels of Atg4A and Atg5 are very low in the hippocampus, compared with those of other autophagy-related genes. Even in the repeated qRT-PCR experiments, we could not find statistically significant changes in the expression of Atg4A and Atg5. In addition, Atg4B is the most important among four different Atg4 paralogs for the autophagic process of initial proteolytic activation of pro-LC3 (Rothe et al., 2014) . Figure 1(b) showed that the level of Atg4B increased in the hippocampus after RF-EMF exposure. In parallel, the level of the autophagy marker LC3B-II protein was upregulated in the hippocampus following RF exposure as assessed by Western blotting (Figure 3(a) ), indicating the accumulation of autophagosomes. RT-PCR and Western blot analyses strongly suggested that long-term 835 MHz RF exposure is a sufficient stimulus to hippocampal neurons to directly or indirectly activate the autophagy pathway in response to this specific RF-EMF exposure. Autophagy is a survival mechanism that eliminates damaged organelles and accumulated abnormal proteins, which could otherwise induce various neurodegenerative disorders (Chen et al., 2012; Nassif et al., 2014; Salminen et al., 2013) . The genes selected for the present RT-PCR analysis are known to play a crucial role for the formation of autophagic structures (Yang et al., 2008) . To initiate autophagy, the Beclin 1/2-class III phosphoinositol-3-phosphate kinase complex needs to drive the nucleation of vesicle and the transmembrane protein Atg9A/B is potentially participating in the recruitment of lipid to the isolated membranes (phagophores) (He et al., 2013; Marino et al., 2014) . Microtubule-associated protein 1 light chain 3 (LC3)-II is associated with autophagic vesicles (Chen and Klionsky, 2011) . LC3 undergoes posttranslational modifications in which it is cleaved by cysteine protease Atg4A/B, during autophagy (Kabeya et al., 2004) . Importantly, an E3 ubiquitin ligase-like enzyme Atg5 forming complex with Atg12 and Atg16L1 regulates autophagosome elongation, and this complex is required for LC3-I combination to phosphatidylethanolamine (PE) to form LC3-II (LC3-PE) (Maskey et al., 2013; Marino et al., 2014) .
Finally, mature autophagosomes fused with lysosomes are called autolysosomes (Martini-Stoica et al., Figure 3 . Protein expression of LC3B-II, Beclin 1, and p62 in the hippocampus and brain stem of mice after 835 MHz RF-EMF exposure for 12 weeks. Total proteins (20 mg) extracted from mice hippocampus and brain stem were subjected to 15% SDS-PAGE (LC3B-II and Beclin 1) and 10% SDS-PAGE (p62) and immunoblotted with antibody against LC3B-II, Beclin 1, and p62 in hippocampus (a) and brain stem (b). The level of each protein expression was normalized relative totubulin. Each bar represents the mean + SEM of five independent biological samples. Statistical significance was evaluated using two tailed t-test: *p < 0.05. RF-EMF: radiofrequency electromagnetic field; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis.
2016; Nixon, 2013) . Autophagy flux can be evaluated by quantitation of the LC3-II (LC3-PE) (Klionsky et al., 2016; Tanida et al., 2004) . RF-EMF exposure significantly increases the protein level of LC3B-II in the hippocampus and the insertion of LC3B-II to the autophagosomal membrane is crucial for the formation of mature autophagosomes (Klionsky et al., 2016; Tanida et al., 2004; Yang et al., 2008 ). Therefore, the high level of LC3B-II might reflect the relative amount of autophagosomes in hippocampal neurons (Figure 3(a) ). In addition, another alternative method for detecting the autophagic flux is measuring p62 (sequestosome 1 or SQSTM1) degradation. The p62 expression was decreased in the hippocampus of Figure 4 . Ultrastructure of intracellular organelles and the number of autophagosome and autolysosome in neuron of brain stem and hippocampus after 835 MHz RF-EMF exposure for 12 weeks. A (a-d) Representative TEM micrographs of neuronal cell bodies in brain stem and hippocampus from sham-and RF-exposed mice. In RFexposed mice, many autophagosome (Ap) and autolysosome (Aly) were observed in the neuronal cell body of hippocampus (d). In contrast, autophagosome and autolysosome were rarely observed in the brain stem, even in RFexposed mice (b). M: mitochondria; N: nucleus; RER: rough endoplasmic reticulum; G: Golgi apparatus; Ap: autophagosome; Aly: autolysosome. Size bars: 500 nm. B Hippocampal and brain stem neurons (magnifications Â10,000) were acquired by TEM. 19-21 images (20 sham-exposed and 21 RF-exposed brain stem/19 control-exposed and 20 RFexposed hippocampus) were randomly chosen in each condition of brain tissues and count the number of autophagosomes and autolysosomes in the brain stem neurons (a) and hippocampal neurons (b) (the arbitrary number/unit area (100 mm 2 )). Each bar represents the mean + SEM. Statistical significance was evaluated using two tailed t-test: *p < 0.05 and ****p < 0.0001. RF-EMF: radiofrequency electromagnetic field; TEM: transmission electron microscopy. RF-EMF-exposed mice, whereas no significant change was shown in the brain stem (Figure 3) . p62 can interact directly with LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy (Pankiv et al., 2007) and serves as a selective substrate of autophagy degradation (Mizushima and Yoshimori, 2014) . The level of p62 decreases during starvation suggesting that the reduction in p62 is mediated by autophagy (Mizushima and Yoshimori, 2014) . Therefore, present levels of LC3B-II and p62 data could be sufficient to estimate the autophagic flux in this study.
Morphological changes in hippocampal and brain stem neurons of mouse brain in response to RF exposure were also analyzed by TEM. Numerous autophagosomes and autolysosomes were observed in hippocampal neurons of RF-treated mice (Figure 4 ). This result is consistent with the increased gene expression and protein production (i.e. increase in LC3B-II and reduction in p62) in the hippocampus after RF-EMF exposure. Moreover, autophagy flux was observed. It was characterized by fusing lysosomes with autophagosome, then became autolysosomes ( Figure 5 ), indicating autophagy in the hippocampus. However, far fewer autophagic vacuoles were observed in the brain stem under RF-EMF stimulation (Figure 4) . Also, we found that the number of autophagic structures (i.e. autophagosomes and autolysosomes) in hippocampal neurons was significantly increased in the RF-EMF-exposed mice, but we could not confirm such result in the brain stem (Figure 4(B) ). This finding strongly suggests that the autophagy pathway is prominently activated in the hippocampus of mice following RF-EMF exposure.
It is not clear why autophagy was not activated in the brain stem. Possibly, 835 MHz RF-EMF may be an insufficient stimulus to the brain stem or the location or structure of the brain stem may render it less sensitive to RF compared to other brain regions. Clearly though, the chronic (12-week) RF-EMF treatment induced autophagy of hippocampal neurons. In addition, there is a high possibility that the distribution of RF field inside "inhomogeneous" brain regions may be unequal. Therefore, some brain regions could be more affected. In this study, we measured the only whole body average SAR value. Equal distribution of SAR inside the brain is required for providing exact evaluation of differences in the effects in hippocampus and brain stem. However, it is not possible to measure exact SAR value of each brain regions in living animal.
Our results may also suggest that autophagy could be triggered in the hippocampus by RF-EMF exposure as a physiologic means of cell survival during stressful environmental exposures. In these scenarios, autophagy could aim to adapt or protect neurons to the exposure to RF-EMF signal. Moreover, in the present study, RF-EMF exposure was not associated with neuronal cell damage since the imposed RF-EMF exposure may not have been strong enough to induce neuronal impairment.
In summary, 835 MHz RF-EMF exposure at 4.0 W/ kg SAR for 12 weeks induced the autophagy pathway in the hippocampus, but not in the brain stem, of mice. These results suggested that there may be differential adaptation processes to RF-EMF environmental exposure in brain.
